Cardiac pacemaking generation and modulation rely on the coordinated activity of several processes. Although a wealth of evidence indicates a relevant role of the I f ("funny," or pacemaker) current, whose molecular constituents are the hyperpolarization-activated, cyclic nucleotide-gated (HCN) channels and particularly HCN4, work with mice where Hcn genes were knocked out, or functionally modified, has challenged this view. However, no previous studies used a cardiac-specific promoter to induce HCN4 ablation in adult mice. We report here that, in an inducible and cardiac-specific HCN4 knockout (ciHCN4-KO) mouse model, ablation of HCN4 consistently leads to progressive development of severe bradycardia (∼50% reduction of original rate) and AV block, eventually leading to heart arrest and death in about 5 d. In vitro analysis of sinoatrial node (SAN) myocytes isolated from ciHCN4-KO mice at the mean time of death revealed a strong reduction of both the I f current (by ∼70%) and of the spontaneous rate (by ∼60%). In agreement with functional results, immunofluorescence and Western blot analysis showed reduced expression of HCN4 protein in SAN tissue and cells. In ciHCN4-KO animals, the residual I f was normally sensitive to β-adrenergic receptor (β-AR) modulation, and the permanence of rate response to β-AR stimulation was observed both in vivo and in vitro. Our data show that cardiac HCN4 channels are essential for normal heart impulse generation and conduction in adult mice and support the notion that dysfunctional HCN4 channels can be a direct cause of rhythm disorders. This work contributes to identifying the molecular mechanism responsible for cardiac pacemaking.
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funny current | heart rate | sinoatrial node | atrioventricular node | chronotropism T he degree of complexity of the processes involved in pacemaking and their individual contributions is still a hotly debated issue (1, 2) . Despite this complexity, and granting the fact that perturbation of any participating mechanism can affect rate, there is evidence for a functional specificity of "funny" (f)-channels in mediating generation and physiological control of pacemaker activity.
Native f-channels are encoded by four hyperpolarizationactivated, cyclic nucleotide-gated channel genes (Hcn1-4), of which Hcn4 is by far the most highly expressed in the cardiac pacemaker regions of different species (3) (4) (5) (6) . HCN4 contributes 80% of total HCN mRNA in rabbit and mouse sinoatrial node (SAN), the remaining 20% being a combination of HCN2 and HCN1, with species-dependent relative abundance (4, 5, (7) (8) (9) . Evidence for the role of f/HCN4 channels in pacemaking relies on several experimental data (10):
i) The "funny" (I f ) current and pacemaker activity are correlated; i.e., functional expression of f-channels is restricted to pacemaking regions [SAN, atrioventricular node (AVN), and the ventricular conduction system], demonstrating a commitment to regulation of pacemaker activity. This correlation exists not only in the adult but also throughout development, such that the Hcn4 channel gene is considered a "marker" of pacemaker tissue (11) (12) (13) . ii) Certain mutations of human HCN4 channels leading to loss-of-function defects are associated with arrhythmias, and in particular with bradycardia (10). iii) Drugs acting as selective I f blockers slow heart rate without other cardiovascular side effects (14) .
In addition to these data, recent studies from HCN4 knockout mice have also been carried out. One study showed that mice with constitutive HCN4 knockout, either global or cardiac specific, die in utero at embryonic days 10.5-11.5, suggesting that Hcn4 is necessary for the formation of the SAN (15) . Cre-loxP methods were then used to induce knockout of HCN4 in adult mice. A study using a ubiquitous Cre-recombinase promoter resulted in ∼75% current reduction and led to arrhythmia characterized by recurrent sinus pauses, but the mean basal rates of mutant and wild-type mice were similar. Also, HCN4-deficient mice were normally responsive to sympathetic stimulation (16) . Similar results were obtained with another knockout model where an inducible Cre was inserted in-frame into the Hcn4 start codon (17) . According to the authors (17) , this model led to efficient recombination in the cardiac conduction system only, despite the fact that HCN4 is strongly expressed in several brain areas (18, 19) , an observation for which the authors found no ready explanation.
With the exclusion of the constitutive knockout (15) , the other HCN4 knockout models (16, 17) showed only mild effects on cardiac automaticity and no alteration of rate control. Our study, carried out with an inducible and cardiac-specific HCN4 knockout mouse model, yields different results because cardiac selective reduction of the HCN4 current is consistently accompanied by progressive development of severe bradycardia and AV block, eventually leading to heart arrest and death of the animal.
According to our results, HCN4 channels are necessary for normal rhythm generation and conduction, and their function represents a key molecular mechanism for cardiac pacemaking.
Results
A tamoxifen (Tam)-inducible, cardiac-specific HCN4 knockout mouse model based on the Cre-loxP system was used to in-vestigate the role of HCN4 channels in pacemaker generation and rate control. Hcn4 lox/lox,Cre mice (defined from here on as ciHCN4-KO mice) were obtained by crossing homozygous Hcn4 lox/lox mice carrying the loxP sites across exon 2 ( Fig. 1 A-C; see Materials and Methods for further details) with heterozygous MerCreMer (MCM) mice carrying the Cre recombinase sequence downstream of the cardiac-specific α-myosin heavy chain promoter (αMHC). Cardiac-specific expression of the Cre activity was verified by crossing MCM transgenic mice with the reporter ROSA26-EYFP transgenic mice line. As shown in Fig.  1D , the reporter activity was detectable only in cardiac tissues.
Induction of HCN4 Knockout Causes Development of Deep Bradycardia and AV Block. We measured the ECG activity in freely moving animals by telemetry. Fig. 2A shows representative heart rate recordings from a control and a ciHCN4-KO animal during Tam treatment. In the ciHCN4-KO animal, knockout of HCN4 cumulatively induced by daily tamoxifen injections ( Fig. 2A , arrows) was associated with a progressive development of severe bradycardia (from 550 to <200 bpm) until death intervened after the fourth injection; only a minor heart rate reduction was observed in the control animal undergoing the same treatment. Rate recordings as in Fig. 2A were collected from n = 14 control and n = 14 ciHCN4-KO mice to determine the mean time courses shown in Fig. 2B . A progressive, substantial decrease of rate was observed in ciHCN4-KO but not in control mice. The mean heart rate before Tam treatment was 584.3 ± 17.5 bpm and 545.5 ± 18.1 bpm for control and ciHCN4-KO mice, respectively. The mean heart rate decreased by 32.0% at day 2 and by 47.1% at day 6 of treatment; differences between control and ciHCN4-KO mean rates were significant at all times starting from day 1 (P < 0.05). A minor rate reduction was recorded in control animals, which, however, recovered within 10 d, suggesting an unspecific effect of tamoxifen. The survival probability curves in Fig. 2C illustrate the high degree of lethality of Tam treatment for ciHCN4-KO mice: although all control animals survived, none of the 14 ciHCN4-KO mice analyzed by telemetry lived more than 8.5 d. The mean survival time for the ciHCN4-KO mice was 4.87 ± 0.42 d (n = 14).
The observation that all ciHCN4-KO animals died during progression of HCN4 knockout prompted a more detailed analysis of the ECG activity recorded during the last phases of the Tam procedure. In Fig. 3A , sample ECG traces recorded from a ciHCN4-KO mouse before (Left), at day 4 (Center), and at day 4.77 of Tam treatment (≈1 h before heart block, Right) reveal that, together with the development of deep bradycardia, a prolongation of the PQ interval (distance between P wave and Q wave of QRS complex), typical of first-degree AV block, also took place (PQ = 32.2, 51.2, and 85.3 ms, Left to Right). As the rate progressively decreased, the AV block became more severe and evolved into a second-degree block characterized first by a 2:1 (Fig. 3B , Left) and then by a 4:1 (Fig. 3B , Right) or higher conduction ratio. Two-to-one conduction ratios were observed in this mouse starting at about 7 min before heart block. Complete AV block (heart block, HB) in the absence of accessory ventricular rhythm eventually led to heart arrest and death of the animal.
Atrial activity persisted throughout AV block. Evidence similar to that in Fig. 3 was apparent in the ECGs from all Tamtreated ciHCN4-KO animals where this was investigated (n = 5). Table S1 ). We also measured the voltage dependence of activation and activation time constants of I f in SAN cells from the four types of mice ( (Table S1 ) did not vary, the observed reduction of I f density implies a reduced membrane channel density of HCN4 in ciHCN4-KO mice. The time-dependent decrease of I f conductance (g f ) in ciHCN4-KO cells is shown in Fig. 4D . To verify whether the I f conductance decrease of Tam-treated ciHCN4-KO mice (Fig. 4 B and D) correlates with tissue protein, we investigated the expression of HCN4 in the SAN using immunofluorescence and Western blot analysis. SAN tissue slices immunolabeled with primary antibodies against mHCN4 proteins from a control and a ciHCN4-KO mouse (day 5 of Tam treatment) are shown in Fig. 4E . While positive staining was apparent in the central region of the slice from the control mouse, in agreement with established evidence for HCN4 expression in the central node area (4, 5, 20) , a much reduced labeling was detected in the ciHCN4-KO mouse. Similar evidence for strongly reduced HCN4 protein expression in Tam-treated ciHCN4-KO mice was provided by immunolabeling experiments in single SAN cells (Fig. S1) . Accordingly, Western blot analysis of SAN protein extracts revealed a strong positive HCN4 signal in control animals, whereas the signal from ciHCN4-KO animals was just above the detection threshold (Fig. 4F) . These data confirm that Taminduced knockout of HCN4 affects only the membrane channel density. Tissue labeling of HCN1 and HCN2 (Fig. S2) indicates no detectable protein signals in both control and ciHCN4-KO mice; this also implies that expression of these two isoforms does not increase in knockout animals relative to wild type.
Spontaneous Rate of Single SAN Myocytes from ciHCN4-KO Mice. We next proceeded to verify whether the bradycardia observed in Tamtreated ciHCN4-KO animals derived from a reduced automaticity of single pacemaker cells. SAN cells were isolated from untreated control and control mice after 5 d of Tam or vehicle treatment and . At all voltages, means of I f current density of control untreated and control day 5 mice were not significantly different (t test, P > 0.05), and data were pooled together for further statistical analysis. Means of I f current density from control, ciHCN4-KO day 2, and ciHCN4-KO day 5 mice were compared by one-way ANOVA followed by Fisher test (0.05 significance level), which showed that, for each voltage, the ciHCN4-KO day 2 mean is significantly different from the ciHCN4-KO day 5 mean and that both are significantly different from the control mean. (C) Mean I f activation (y) and activation time constant (τ) curves measured in cells from the same groups as in B. Data points of activation curves were fitted with the Boltzmann equation. Half-activation voltages and inverse-slope factors, respectively, were the following: −75.0 mV, 11.2 mV (control untreated, n = 30); −75.1 mV, 11.1 mV (control day 5, n = 19); −74.2 mV, 10.1 mV (ciHCN4-KO day 2, n = 15); and −76.0 mV, 11.7 mV (ciHCN4-KO day 5, n = 11). Time constant curves were the mean from n = 15, n = 17; n = 12 and n = 7 for the same categories above, respectively. (Fig. 5A ). Mean spontaneous rates from the four categories of mice in Fig. 5A are plotted in Fig. 5B at various times during the Tam procedure (Table S2 ). The frequency of cells from control mice was not significantly reduced, whereas that from ciHCN4-KO mice dropped significantly after 2 and 5 d of Tam treatment (P < 0.05).
To compare these results with in vivo telemetric measurements, we normalized the data (right y axis in Fig. 5B ) and superimposed the normalized rate curve from Fig. 2B . Clearly, the time courses of rate from single cells and from freely moving animals do not differ substantially, confirming that the bradycardia induced by ciHCN4 knockout results from a slower spontaneous rate of SAN cells. Sample video recordings of the spontaneous activity of representative intact tissues and SAN cells from control and ciHCN4-KO mice (day 5 of Tam treatment) are shown in Movie S1 and Movie S2, respectively.
Response to β-Adrenergic Receptor Stimulation. To explore the effects of the loss of HCN4 protein on β-adrenergic receptor (β-AR) modulation of rate, we used telemetry to measure frequency responses to i.p. injection of isoproterenol (Iso) in control and ciHCN4-KO mice. To ensure a low level of HCN4 expression, we selected Tam-treated ciHCN4-KO mice with a frequency stably lower than 50% of their mean basal rate. Sample recordings shown in Fig. 6A (Left and Center) show that in both control and ciHCN4-KO mice injection of Iso (0.1 mg/kg) induced rate acceleration. Mean data calculated in n = 5 control and in n = 7 ciHCN4-KO mice indicate that although the rate change (Δrate = maximal rate − basal rate) did not vary between the two groups (Δrate = 192.9 ± 17.7 bpm vs. 184.7 ± 8.5 bpm, P > 0.05), ciHCN4-KO animals failed to attain the same maximal rate reached by control animals (Fig. 6A, Right) (mean values in Table   S3 ). We then investigated the effect of Iso on the spontaneous activity of control and ciHCN4-KO cells. As shown in the representative action potential recordings of Fig. 6B, 1 μM Iso accelerated the spontaneous rate in both control and ciHCN4-KO cells (Fig. 6B , Left and Center).
In agreement with the telemetry data in Fig. 6A , Iso-induced rate acceleration was similar in control and ciHCN4-KO cells (Fig. 6B, 119 .9 ± 33.4 bpm vs. 143.4 ± 20.6 bpm, P > 0.05), whereas maximal values of rate under stimulation were higher for control than for ciHCN4-KO cells (P < 0.05) (mean values in Table S4 ).
In a previous HCN4 KO model, the residual I f current was reported not to respond to Iso (16) . We compared the I f response to Iso in SAN cells isolated from Tam-treated ciHCN4-KO vs. control mice, and as shown in Fig. 6C , the response was not modified in ciHCN4-KO mice. Iso (1 μM) shifted the I f activation curve by an average 7.2 ± 0.4 mV (n = 12) in cells from control and 7.0 ± 0.5 mV (n = 7) in cells from ciHCN4-KO mice (P > 0.05).
These results suggest that, although strongly reduced in size, the residual I f still retains the ability to contribute to β-AR-induced rate modulation in ciHCN4-KO mice. Also, the contribution to rate acceleration of mechanisms other than I f is likely to be amplified in conditions of reduced HCN4 expression.
Discussion
Our results show that cardiac-specific reduction of the Hcn4 gene in adult animals leads to the development of severe sinus bradycardia, with a slowing of rate of ∼50% after five daily Tam injections (Fig. 2B) , and to the progression of AV block, eventually leading to heart block and death of the animal (Figs. 2 and 3) .
Patch-clamp investigation of single SAN cells showed a substantial, progressive decrease of the size of the I f current in ciHCN4-KO animals, without alteration of its kinetic properties . Asterisks in A and B indicate significant differences (P < 0.05). Records in B and C are before, during, and after Iso as indicated. (Fig. 4) . The time course of bradycardia measured by telemetry and that of the spontaneous rate of ciHCN4-KO SAN cells isolated at different stages of Tam treatment were similar (Fig. 5B) , indicating that both processes are a direct consequence of reduced HCN4 channel contribution to pacemaking. Finally, immunofluorescence and Western blot analysis confirmed a strongly reduced expression of HCN4 protein in the SAN region of ciHCN4-KO mice after Tam treatment (Fig. 4 E and F) .
Adult HCN4 KO mouse models have previously been developed (16, 17) . These models were inducible but were not generated by cardiac-specific recombination. In one study (16) , the recombination of the floxed Hcn4 locus was obtained by use of the ubiquitous inducible CAGG-Cre, resulting in global HCN4 knockout. In another study (17) , the Tam-inducible CreERT2 construct was placed under the control of the Hcn4 promoter. In both models, therefore, the Hcn4 gene was knocked out in all Hcn4-expressing cells accessible to tamoxifen. Because HCN4 channels are widely expressed in central and peripheral neurons (18, 19) as well as in cardiac myocytes, the phenotypic properties of HCN4 knockout mice in these models cannot be assumed to originate from the exclusive effects on the cardiac I f current, even if in theory one would expect more severe phenotypic consequences from a general loss of HCN4.
In our model, on the other hand, the Cre recombinase expression was under the control of the cardiac-specific αMHC promoter, which ensured restriction of HCN4 knockout to cardiac tissue (Fig. 1D) . The main finding obtained with previous in vivo HCN4 KO models (16, 17) was the occurrence of frequent sinus pauses in between bursts of normal activity, but impairment of the cardiac function in these animals was not critical enough to be lethal. In fact, these mice had mean basal heart rates nonsignificantly different from those of wild-type mice and normally responsive to β-AR stimulation. This behavior cannot be easily reconciled with the observation that a large fraction of single SAN cells [45% (17) to 90% (16)] isolated from the KO mice do not show spontaneous activity. In contrast with previous data, inducible and cardiac-specific knockout of HCN4 in our mouse model led to profound bradycardia and death caused by heart block (Fig. 2) . In agreement with in vivo results, single SAN cells isolated from our ciHCN4-KO mice always displayed a relatively regular, if slow, spontaneous activity ( Fig. 5 and Movie S2).
We have no straightforward explanation for the differences in heart and single-cell automaticity between our mouse model and previous inducible models because the degree of I f reduction observed in SAN cells is comparable [68.5% at −125 mV after 5 d of Tam treatment (Fig. 4) vs. 75% (16) and 79% (17)].
We can only speculate that part of these differences may arise from differences in cardiac specificity of HCN4 knockout and from the observation that, whereas in our experiments the position of the I f activation curve was relatively depolarized [V 1/2 was about −75 mV (Fig. 4) ], values reported previously are substantially more negative [−91.2 mV (16) and −93.5 mV (17)]. Athough it is known that the position of the activation curve is strongly affected by a variety of elements and conditions (18, 19) , we have no explanation for these differences. It should be noted in any case that a more depolarized activation range is bound to make spontaneous activity more dependent upon HCN4 knockout.
Our ciHCN4-KO animals preserved the rate response to β-AR stimulation (Fig. 6A ) and the Iso-induced rate acceleration was similar in wild-type and ciHCN4-KO mice, although the maximal rate attained by the latter group was clearly reduced. When the effect of Iso on rate was investigated in single cells, similar results were obtained (Fig. 6B) . Indeed, the HCN4 knockout process did not impair Iso-induced rate modulation but affected the maximal rate of ciHCN4-KO cells. The effects of Iso stimulation had also been investigated in previous HCN4 knockout models. Results obtained in vivo have shown that the response to Iso did not differ from that elicited in wild-type mice (16, 17) . In vitro results from single cells have confirmed the permanence of modulation by noting that Iso rescued spontaneous activity in silent cells (16) . Finally, when the modulation of Iso was investigated on the residual I f , we found no differences between ciHCN4-KO and control cells, a condition not verified in previous models.
The β-adrenergic modulation of rate has also been evaluated in a transgenic mouse expressing a human mutated HCN4 (hHCN4-573×) protein, which lacks the cAMP-binding site (21) . Interestingly, this mouse model displays a basal bradycardia (figure 4 of ref. 21) , and the effects of Iso stimulation are similar to those observed in our experiments because the maximal rate elicited by Iso was less than that observed in wild-type mice. Although the expression of an exogenous, mutated human gene in the mouse model by Alig et al. (21) is substantially different from our Hcn4 gene knockout approach, the very negative, nonphysiological activation range of I f that they report implies loss of functional I f expression and contribution to activity similar to our model. Taken together, our results and those of Alig et al. (21) indicate that the integrity of the HCN4 current to pacemaking is essential because it is required to establish both the basal heart rate and the maximal firing rate upon Iso stimulation. The fact that Alig et al.'s model (21) , in contrast to ours, is not lethal remains unexplained. While in their model the Iso-induced rate acceleration cannot be determined by the I f current, this is not the case in our model, where a Iso-modulated, residual I f current is still present after partial loss of HCN4 channels. In our model, the I f increase by Iso will in fact be smaller in ciHCN4-KO than in control mice, but because the basal frequency is also lower, the I f increase required to change it will be proportionally reduced. In addition, the contribution of mechanisms other than I f , which participate in the rate acceleration by modifying the last fraction of diastolic depolarization, namely Ca 2+ currents and the Na + -Ca 2+ exchanger (1), will likely play a more important role.
Our investigation indicates that HCN4 knockout induces a smooth development of bradycardia but does not lead to the abolishment of SAN activity, which is still present at the time of death of the animal. Tam-treated ciHCN4-KO mice live an average of 4.9 d (Fig. 2) , and at the time of death HCN4 channels are not fully removed from SAN cells, as indicated by the evidence that after 5 d of Tam treatment about 30% of the original I f is still expressed (Fig. 4 A, B, and D) . Residual I f could also result from the contribution of HCN isoforms other than HCN4, in particular HCN1 and HCN2. This, however, appears less likely because the I f reduction did not involve changes in kinetics (Fig. 4) , while the HCN1 and HCN2 isoforms have kinetic properties distinctly different from those of HCN4 (19) . Additional evidence in support of this conclusion derives from our preliminary immunofluorescence data indicating no detectable protein level of either HCN1 or HCN2 proteins in SAN strips from both control and ciHCN4-KO mice (Fig. S2) . This also demonstrates lack of any compensatory mechanism for HCN4 reduction. The presence of a residual I f current, also reported in previous models (15) (16) (17) , agrees with the permanence of regular, if progressively slower, supraventricular rhythm throughout the period of Tam treatment up to the occurrence of heart block (Fig. 3) .
The death of ciHCN4-KO animals is a sudden event and a consequence of the lack of idioventricular rhythm and AV block. The absence of sustained idioventricular rhythm after AV block agrees well with the notions that in mice HCN4 channels are highly expressed also in physiological conditions in the HisPurkinje system (22) and that the MHC promoter is active in the cardiac conduction tissue (23) .
Preliminary data from our ciHCN4-KO model indeed confirm the presence of HCN4 in the AVN and show a reduction of current (about 63% after 5 d of Tam treatment; Fig. S3 ) comparable with that in the SAN. Our data also show that the HCN4 current in the AVN is about 50% of that in the SAN, in agreement with the established notion that I f is expressed in the AVN (8, 24, 25) at a lower density than in the SAN and as expected with the slower intrinsic rate (8, 25, 26) . It therefore appears paradoxical that the effects of HCN4 knockout should be more deleterious in the AVN, where pacemaker channels are fewer than in the SAN.
It is interesting to note that, according to previous data, block of I f generates a larger response in AVN than in SAN myocytes. For example, superfusion of 3 μM ZD7288, a dose known to block the I f current by 73%, completely stopped the activity of mouse AVN cells, but it reduced by only 48% the cycle length in SAN cells (25) . To interpret this apparent paradox, it was proposed that a longer cycle time in AVN cells may involve a larger inward I f during diastolic depolarization (25) . However, this explanation cannot be applied to our data because SAN and AVN cycle times are identical in in vivo conditions. It is possible, on the other hand, that different contributions from components other than I f flowing during diastolic depolarization determine a different sensitivity to I f inhibition. For example, given the high voltage dependence of I f activation, a more negative level of maximum diastolic potential in AVN cells, if present, could be associated with a higher fractional degree of I f activation during diastole and hence with a higher susceptibility to block. Although the above explanation is speculative, the observation that the AVN is more sensitive than the SAN to f-channel inhibition when tested in isolated myocytes or in fully independent in vivo recordings from ciHCN4-KO animals remains a significant and intriguing result that awaits further confirmation and interpretation.
The observation that signal conduction through the AVN is impaired upon HCN4 knockout can be the consequence of the remodeling of ion channel expression of the heart, but it could also more specifically suggest a potential, previously unsuspected role of HCN4 channels in AVN function.
In conclusion, contrary to previous data, the present work shows that induction of cardiac-specific knockout of HCN4 causes progressive bradycardia and heart block and is lethal. Thus, loss of HCN4 in the adult mouse is not compatible with life. Our results confirm the relevance of HCN4 channels in controlling cardiac rate; they also open perspectives of clinical relevance in the investigation of the potential role of HCN4/f channels in pathologies involving the function of the AVN and the cardiac conduction system.
Materials and Methods
Generation of Inducible and Cardiac-Specific HCN4 KO Mice and Tamoxifen Administration. A 129SvEv PAC library was screened using the Hcn4-specific primers 5′ CTGGTATGGGGACTTTCAC 3′ and 5′ CAACAGCATCGTCAGGTCC 3′ and the following amplification profile: one cycle at 96°C for 10 min; 40 cycles at 96°C, 45 s; 60°C, 45 s 72°C, 45 s; and one cycle at 72°C for 7 min. The positive clone obtained from the library was digested with EcoRV+EcoRI, and two fragments of 2.5 kb (corresponding to the short arm of homology) and 9 kb (corresponding to exon 2 and the long arm of homology) (Fig. 1A) were subcloned in a Bluescript plasmid and used for the production of the targeting vector. A fragment of 2.5 kb comprising exon 2 was cloned between loxP sites of the empty targeting vector (construct 1), which contained a neomycin resistance (Neo) cassette flanked by Flb recombination target (Frt) sites.
The short arm of homology was blunted and cloned into the XhoI site of construct 1 (construct 2). This was subsequently modified by introducing a BamHI/EcoRI-containing adapter into the NotI/SacII sites of construct 2. This allowed the directional cloning of the 6.2 kb long arm into the BamHI/EcoRI sites (construct 3). This vector was linearized by restriction with SacII and electroporated into 129SvEv ES cells. Clones resistant to G418 selection were digested with XbaI and screened by Southern blot using a probe external to the short arm of homology. Southern blot analysis was performed according to standard procedures (27) . Five positive clones, showing both the 9.6-kb wild-type and the 5.4-kb recombinant bands, were identified within 180 screened clones and further checked with a probe external to the long arm of homology. In Fig. 1B , two positive and three negative clones are shown. Positive clones were injected into C57BL/6 blastocysts and chimeras were obtained. High-chimerism males were mated with C57BL/6 wild-type mice to assess germ-line transmission. Mice from F1 were bred to Flp transgenic mice to remove the Neo cassette and finally reduced to homozygosity. Homozygous Hcn4 lox/lox mice were finally crossed with MCM transgenic mice (28) heterozygous for the Hcn4 floxed allele (Hcn4 Statistical Analysis. Statistical differences were determined at the P < 0.05 level by Student's t tests or ANOVA. All values are given as mean ± SEM.
